While mass spectrometry (MS)-based quantification of small molecules has been successfully used for decades, targeted MS has only recently been used by the proteomics community to investigate clinical questions such as biomarker verification and validation. Targeted MS holds the promise of a paradigm shift in the quantitative determination of proteins. Nevertheless, targeted quantitative proteomics requires improvisation in making sample processing, instruments, and data analysis more accessible. In the backdrop of the genomic era reaching its zenith, certain questions arise: is the proteomic era about to come? If we are at the beginning of a new future for protein quantification, are we prepared to incorporate targeted proteomics at the benchside for basic research and at the bedside for the good of patients? Here, an overview of the knowledge required to perform targeted proteomics as well as its applications is provided. A special emphasis is placed on upcoming areas such as peptidomics, proteoform research, and mass spectrometry imaging, where the utilization of targeted proteomics is expected to bring forth new avenues. The limitations associated with the acceptance of this technique for mainstream usage are also highlighted. Also see the video abstract here https://youtu.be/mieB47B8gZw.
Introduction
The growth of the proteomics field over the last decade has been phenomenal. While antibody-based approaches have played an important role in the advancement of proteomics, the technique of mass spectrometry (MS) is responsible for the extraordinary progress the field has seen. [1] This has been due to the capability of MS to take proteomics to a higher throughput platform, allowing global proteome analyses and the generation of proteomics data repositories. [2, 3] This has brought us to an exciting era, wherein the use of MS for the targeted quantification of protein(s) of interest (hence the name "targeted") is emerging. Targeted proteomics, with its high accuracy, multiplexing capabilities, and reproducibility, has the potential to create a paradigm shift in the choice of techniques for protein quantification. [4] The development of cutting-edge genomics to achieve the Holy Grail in terms of disease predictions and therapeutics has proven to be successful in various fields. Where the underlying causes were genetic, it did exceedingly well regarding diagnosis and, to some extent, treatment. [5] [6] [7] However, it is well established that the proteome of a cell provides better dynamic manipulation over space and time as compared to genomics and transcriptomics readouts. Indeed, proteins are the macromolecules that ensure most of the cellular functions and confer new adaptations. [8, 9] These adaptations caused by changes in protein abundance, post-translational modification, and conformation are key factors for many complex diseases, such as cancer, diabetes, and Alzheimer's disease. [10, 11] Although measuring these changes has been very useful for providing insights into the physiopathology of these diseases and in monitoring/targeting their driver factors, protein quantification by traditional methods has faced challenges due to limitations such as specificity and variation. This has restricted the progress of research and translational transfer in spite of the enormous advances the field has seen. [12] Targeted proteomics provides a unique opportunity to overcome these challenges. Accordingly, it is not wrong to say that next-generation genomics arrived and has flourished exactly at the right time to support next-generation proteomics, which is on the verge of penetrating basic research and the clinics. mainstream usage are also discussed. The important terminologies used in this article are shown in Box 1.
From Shotgun to Targeted Proteomics
As mentioned above, accurate quantification of a protein or a panel of proteins, as well as its interactions and modifications, is essential to understand the biology behind a disease or to monitor its progression and response to treatment. Quantification can be either relative to any control condition or absolute with the exact amount and stoichiometry in a particular sample. [14] [15] [16] The design of the assay and the cost differ between these two settings. While the purpose of shotgun proteomics (also known as discovery approach) is to profile samples from various conditions and compare them for the differential abundance of proteins in an unbiased, nondirected manner, targeted proteomics focuses on the quantification of one or a set of protein(s) of interest. [17] [18] [19] For example, in order to find candidate biomarkers for a disease, a discovery approach is employed. However, to establish a protein as a biomarker in clinical settings, a targeted proteomics approach is the method of choice for its measurement across a large set of samples with high accuracy and reproducibility. Although both techniques can be used for quantitative comparisons, targeted proteomics provides an edge over discovery based. [20] There is also an emerging third method, called dataindependent acquisition (DIA) or sequential window acquisition of all theoretical fragment-ion spectra (SWATH-MS), that combines the advantages of both shotgun and targeted proteomics. In this method, MS/MS data are acquired for all the peptides, while data analysis can be performed in a targeted manner postacquisition by extracting the information of the required peptide. [21] [22] [23] However, for targeted proteomics to reach benchside and bedside, enormous effort is required from the research community, health policymakers, and vendors to produce the infrastructure and expertise at all levels in a cost-and user-friendly manner. This would remove bottlenecks and result in the translational success of proteomics research. [24, 25] 
A Primer: If You Know Nothing About Targeted Proteomics
Targeted proteomics uses a bottom-up approach which relies on the measurement of peptides. [26] A specific and unique peptide(s) from a protein can act as a surrogate for protein Box 1.
Useful terms
Proteoforms: All possible different molecular forms of an expressed protein.
Bottom up approach: Proteins are digested by proteases and thus obtained peptides are analyzed using LC-MS.
Top down approach: Intact proteins, without prior digestion are fragmented inside MS.
Targeted proteomics: Hypothesis driven measurement of protein of interest using MS.
Discovery/shotgun proteomics: Profiling the proteome at global level.
DDA (data-dependent acquisition): another name for discovery proteomics, as the method of acquisition depends upon the data.
SRM (selected reaction monitoring): a method of performing targeted measurement on the protein of interest, performed on a triple quadruple instrument wherein a selected peptide and its selected signature fragments are monitored.
PRM (parallel reaction monitoring): a method of performing targeted measurement on the protein of interest, performed on a hybrid instruments wherein a selected peptide and its all signature fragments are monitored.
DIA (data-independent acquisition): This method combines the advantage of DDA and SRM. All ion within a selected m/z window are fragmented. Deconvolution of the data is done later to fetch the required information.
SWATH: Sequential window acquisition of all theoretical mass spectra. Synonym for DIA.
MRM:
Multiple reaction monitoring is a commonly used acronym for SRM. pSRM: Pseudo SRM, an acronym for PRM.
sSRM: Scheduled SRM is a method to monitor fragment ions when they are expected to appear depending upon their retention time. This results in increase in number of fragment ions measured in one single run.
quantification. The data acquired only for the selected peptide provides more sensitivity and accuracy. Additionally, it is worth noting that a targeted proteomics assay has several advantages over traditional immunoassays. With the use of targeted proteomics, it is possible to measure a protein and its proteoforms with no requirement of antibody. [11] It also enables multiplexing with the possibility of measuring many proteins in a single analysis using one sample. Thus, it offers a way to perform high-throughput measurement. Further, it overcomes the major limitations of specificity and the time duration of assay development, which are typical problems in traditionally used antibody-based protein quantification assays such as Western blotting and enzyme-linked immunosorbent assay (ELISA). Of what does the targeted proteomics assay consist? A simple illustration of quantification by targeted proteomics is provided ( Figure 1) . In this illustration, we provide a journey of your protein of interest (YPI) from a complex protein mixture through the mass spectrometer during the course of a targeted proteomics assay. The protein (YPI) digested by trypsin in the complex sample yields tryptic peptides (Y, P, and I). [27] Peptides that are unique to the protein (peptides Y and P), which are ionized in a reproducible manner (peptide Y), are selected for the assay. [28] [29] [30] The tryptic peptides of a complex mixture of proteins are first processed through liquid chromatography (LC). Based on their physicochemical properties and the chromatographic gradient of the aqueous and organic phase, the detachment and elution of the peptides from the column provide them with a specific retention time. [30] [31] [32] However, as the samples dealt with are complex, coelution with other peptides cannot be avoided even with the best chromatographic systems. [33] Peptides separated in the LC system are introduced sequentially in the mass spectrometer where they are ionized.
There are two widely used targeted proteomics approaches: selected reaction monitoring (SRM) and parallel reaction monitoring (PRM). [28, 34] In both of these methods, the first quadrupole is used as a filter to select the peptide (peptide Y), as a precursor ion, to fragment it further. This step is the most distinctive step of targeted proteomics since only the selected peptides are allowed to proceed and the corresponding data are acquired. Typically, SRM is performed on a triple quadrupole instrument. In the second quadrupole, the selected peptide (peptide Y) is fragmented through collusion-induced Figure 1 . Illustration depicting selected reaction monitoring. This illustration demonstrates the journey of a selected peptide during an SRM assay performed for the quantification of your protein of interest (YPI). A complex sample is depicted by a few black-colored proteins in their tertiary structure. YPI is zoomed and shown as consisting of three different tryptic peptides. Upon tryptic digestion, all the proteins present are cleaved into peptides. Peptides formed from other proteins are shown as dotted lines, whereas for YPI, three different peptides generated (black, blue, and red) are shown as a bold line. Out of three tryptic peptides of YPI, only Y and P are unique (blue and red), while I is not (black). The peptide mixture first enters the liquid chromatography (LC) column, where most of the peptides in the aqueous phase bind to the reverse phase C18 column, but as the organic phase of the gradient increases, desorption and elution starts, which provides a specific retention time to the peptides. Peptides from LC enter the mass spectrometer, where electron spray ionization (ESI) renders a charge on the incoming analytes, making them ionized, which is shown by a single positive sign on peptides depicting single or multiple charges. In SRM, the selected ionizable unique peptide (Peptide Y) is allowed to proceed to the Q2 collision cell through quadrupole one (Q1), which serves as a mass filter towards quadrupole two (Q2). In Q2, peptide Y undergoes collision-induced dissociation, giving rise to its signature fragment ions Y1-Y7. In the next step, quadrupole three (Q3) serves as a mass filter and allows selected fragment ions (Y1-Y3) to proceed toward the detector. The intensity of fragment ions in different conditions provides quantitation of a protein (YPI). The average of ratio of intensity of Y1 (diseased/control), Y2 (diseased/control), and Y3 (diseased/control) is used to represent results for differential abundance.
www.advancedsciencenews.com www.bioessays-journal.com dissociation to generate its signature fragment ions (Y1-Y7). Further, specific fragment ions (Y1, Y2, and Y3, also called transitions) are selected by the third quadrupole and are detected by the mass analyzer. In contrast, PRM is performed on a highresolution hybrid instrument, such as the quadrupole-ion trap (Q-Trap) and the hybrids quadrupole-time of flight (QqTOF) and quadrupole-Orbitrap (Q-Exactive), where all possible fragment ions are monitored by the mass analyzer. Ultimately, in a targeted proteomics assay, the area integrated under the fragment ion peaks is a measurement of the abundance of the fragment ions (Y1, Y2, and Y3), from which the precursor ion (peptide Y) and thus the protein (YPI) can be quantified ( Figure 1 ) using dedicated software such as Skyline (https:// skyline.ms/project/home). [35, 36] The decision for correct peptide selection is made by obtaining information from discovery-based experiment and online repositories (Peptide Atlas; http://www.peptideatlas.org/, Global Proteome Machine Database; http://www.thegpm.org/ gpmdb/index.html and PRIDE; http://www.ebi.ac.uk/pride/). The selected peptide should be unique to the protein and reproducibly digested and ionized. The selection of fragment ions can again be made either by using previously acquired MS-MS data or the available prediction tools (MRMaid; http://elvis. misc.cranfield.ac.uk/mrmaid/, SRMAtlas; http://www.srmatlas. org/). [37] After shortlisting peptides and their fragment ions, the use of synthetic candidate peptides for optimizing the assay parameters and selection of best transitions is required. [28] [29] [30] For data analysis, a quality fragment ion peak, consisting of a good number of data points, provides confident quantification. The number of points on a peak is decided by how much time an instrument spends detecting a particular ion. This time spent to measure an ion is called dwell time and the total amount of time between each measurement is called cycle time. The interplay between the dwell and cycle times, which are predefined, decides the number of peptides and proteins measured in one experiment. An increase in the number of fragment ions to be monitored reduces the dwell time per ion, which affects the data quality. [28] Separation by LC, providing a specific retention time window for the peptide, allows the measurement of 100 transitions in a single analysis. A known concentration of isotopically labeled synthetic peptide can be used to reduce false positives, for normalization, and for absolute measurements across the samples.
Targeted Proteomics: What Does it Bring for Researchers at Benchside?
In research laboratories, the measurement of proteins and their proteoforms is a very common practice. These measurements help to answer various biological questions, including dynamic changes in signaling pathways, finding condition-specific interactomes, or deciphering structural and conformational changes. The extensive use of the Western blot technique and ELISA over the years emphasizes the importance of protein measurements for data collection and for the representation of the above-mentioned research problems. However, sometimes antibody-based techniques fail to provide a clear answer due to their limitations, such as lack of specificity or unavailability.
Advancements in research tools and techniques have removed previous hurdles, so that age-old problems can be readdressed. [12] Targeted proteomics is one such technique, which is at our doorstep with the promise that what we could not measure then, we can try now.
There are research groups dedicatedly working in the fields of both discovery and targeted proteomics. Several proofof-principle studies are being carried out worldwide, demonstrating the ability of proteomics to replace old techniques as well as improvements in sample preparation, instrumentation, and data analysis algorithms. [38] In fact, a huge amount of data on these aspects is publicly available. [38] These remarkable contributions have simultaneously inspired two different types of research. Firstly, many pioneering research groups in their specific areas are now ready to utilize targeted proteomics to bring more reproducibility and ease of use to their experiments. Secondly, the areas less explored earlier, due to certain limitations, are emerging with possibilities to uncover new concepts of biology. While it is true that Western blot has been used traditionally to perform the measurement of various proteoforms of proteins involved in a signaling pathway, it is often difficult to measure all of those forms simultaneously. The use of reverse phase protein arrays (RPPA) have made this possible to some extent, but it also faces the limitations of antibody specificity and availability. With targeted proteomics, a new approach to this problem has been realized. For instance, in yeast, a list of sentinel proteins (proteins reported for the active state of any biological process) was compiled based on various criteria. A total of 157 sentinel proteins and 152 sentinel phosphopeptides were measured simultaneously using multiple reaction monitoring (MRM). [39] In another effort to establish a high-throughput MRM study, breast-cancer-related cell lines were subjected to MRM-based quantitation of 319 proteins that clustered the cells into clinically relevant subtypes. The approach was also found to be complementary to mRNA-based clustering, as the same mRNA and proteins did not categorize similar subtypes. [40] To measure specific signaling or molecules of interest, a small assay with a set of proteins can be assessed. For example, it is difficult to perform GTPase activity measurement for different but closely related forms due to the lack of specific antibodies. An MRM assay to measure 12 different isoforms of GTPase simultaneously in the presence of agonists or inhibitors was developed and utilized. [41] Thus, there are a significant number of studies available now, which have been reviewed in other articles, that provide us with a complete picture of current applications of targeted proteomics in different areas of biology. [42] These successful attempts provide a proof of principle to take a leap into what is required to be studied regardless of the availability of the reagents. This also provides a huge opportunity to academia and companies to develop and provide consumables required to implement these assays. For example, it is possible to make a genome-wide peptide library covering a large set of proteins and their proteoforms, analogous to the siRNA/shRNA and CRISPR libraries used in genomics. Thus, a vision for the next-generation targeted proteomics era can be foreseen.
We envision a time will come sooner or later when targeted proteomics will be a routine practice for the relative comparison of proteins between conditions of interest in research laboratories. Each laboratory would have a custom-made peptide library for a set of targeted proteomics assays in line with their research interest. Probing a panel of proteins of signaling pathway activation cascades would be possible using a single run of MS. Other requirements, such as absolute quantification of proteins as well as studying protein-protein interactions and their complex stoichiometry, could be possible with the added ease of doing these experiments using relatively less sample quantity and with more confidence in the results. The design of assays and their standardization is already available for many proteins in repositories (http://assays.cancer.gov/), [43] and with time, selecting desirable assays would become as easy as finding a correct antibody for your protein (Oh! that's a clich e).
Next, we discuss about proteoforms, peptidomics, and mass spectrometry imaging, which are three emerging fields that are likely to greatly benefit from targeted proteomics.
Proteoforms: Targeted Proteomics for the Rescue of Ignored Forms
Proteoforms signify the different molecular forms of a protein produced from a single gene as a result of genetic sequence variations (mutations and polymorphism), alternative splicing, RNA editing, post-translational modifications, and inteins. [11] Thus, a protein can be redefined as a set of proteoforms. [44] Proteoforms play a crucial role in imparting a level of complexity to living forms that cannot be explained by the genome output alone. [45, 46] The synthesis of different proteoforms for a given protein can lead to alterations in its activity, stability, and interactome. Additionally, the functional roles of proteoforms can be as different as proteins coded from entirely different genes. [47] Overall, proteoform quantification would provide a dynamic reflection of proteomes to represent at what state the proteins are present inside the cells during health and disease.
Proteomics primarily relies on amino acid sequence identity. Due to the similarity in the sequences that the proteoforms share, they are mostly indistinguishable at the level of the discovery phase as well as in a targeted proteomics experiment if not designed carefully. For instance, consider a gene that encodes two proteoforms formed due to differential splicing, wherein one is functional while the other is a nonfunctional form. In this case, the quantitation based on a peptide common to both proteoforms will give a summed quantitation of both forms but miss out the important biology behind it. Therefore, the key is to know beforehand the existence of such proteoforms through genomics. [48] Once this information is acquired, tools to distinguish the proteoforms and to quantitate them separately are needed. Antibody-based techniques are successful in quantitating post-translationally modified proteins but are limited to a few "famed" proteins and modifications. In such a scenario, it is now possible that a targeted proteomics experiment can be designed with precursor peptides to be measured specific to proteoforms. Targeted-proteomics-based experiments have been employed successfully for the measurement of post-translational modification of proteins, in particular, phosphorylation. [49, 50] With the increased use of targeted proteomics, it is possible to explore the repertoire of hundreds of different types of post-translational modifications which might play an important role in cell functioning that are yet to be discovered. [51, 52] Similarly, there is a vast amount of literature now available for single nucleotide polymorphism (SNP) variants and their role in deciding the response and predisposition to disease in a population-specific way. [53] Although their presence is widely monitored through genomic studies, their functional relevance is less studied. SNPs that give rise to single amino acid polymorphism (SAP) have the potential to alter protein function. [54] By measuring peptides specific to SAP variants, this area can gain impetus. Another source of proteoform generation is the RNA editing phenomenon, in which a new layer of diversity is added in the proteoform variety. [55] Measurement of endogenous proteins derived from edited transcripts have not been reported to our knowledge, as the studies till now mostly report the measurement of edited transcripts. [56] [57] [58] Using targeted proteomics with assays designed specifically to the edited and unedited peptide can give RNA edited proteoform ratios in terms of their abundance at the protein level. Another less popular molecular form is inteins, which are formed as a result of protein splicing. [59] Although the initial requirement is cataloging the proteoforms using global approaches, the next step requires establishment of the presence of specific proteoforms using a targeted proteomics approach, through which more functional insights can be obtained. [60] The significance of all these proteoforms in biomedical science can emerge with thrilling possibilities to find their unknown association with disease progress and etiology. This is possible if and only if the vast diversity of proteoforms can be realized and measured.
Peptidomics: Targeted Proteomics for Annotated or Unannotated
Peptidomics, the study of endogenously produced peptides, is another emerging area that requires the utmost attention and can benefit the most from the integration of targeted proteomics. [61] [62] [63] The discovery-based approach relies on the annotated sequence information bestowed by genomics for the successful identification of proteins. However, this approach leaves behind hundreds of peptides which do not match to any theoretically deduced peptides in the protein databases. This peptide pool could be as a result of the absence of the protein sequence in the database or because of the mass shift as a result of modifications that are not included during the database search. Another possibility is that these peptides are not present as a part of proteins at all. The origin of these peptides can be broadly categorized into two types: first as a by-product of the maturation and degradation cycle of a protein, secondly as a result of translation of short open reading frames (sORFs) present within both coding and noncoding regions. Above 10 lakh sORFs have been identified in humans, which emphasizes on the role of sORFs in cells. [64] These two classes of peptides are now acknowledged to be present in the cell but with rare functional annotation. [65] [66] [67] The likely reason for this disparity is the lack of tools to measure the presence and activity of these peptides. While there is emerging literature regarding the structural roles played by noncoding RNAs to inhibit or activate proteins, it is even more feasible for small peptides capable of mimicking folds and turns of a protein, which can easily block the active site or result in a change of confirmation. [68, 69] These peptides can also serve as biomarkers to analyze the presence of a diseased state or response toward various stress conditions. [70] If these possibilities are true, there is a requirement of understanding their origin, regulation, and function. While identifying the existence of these peptides is the first step that comes from discovery proteomics or the most promising SWATH data, their measurement on a routine basis in laboratories requires tools such as MRM. An example of this is a recent study wherein MRM was utilized for the validation of identified sORFs. [71] Thus, targeted proteomics increases the proteome space accessible for measurement.
Mass Spectrometry Imaging: Targeted Proteomics to Look Inside the Microscope
The visualization of cells and tissue organization under the microscope to obtain their characteristics was one of the first benchmarks in biology. This field has grown tremendously from the time of Hook's microscope to the invention of highresolution microscopy. The quantitation and localization of biological macromolecules within cells in different conditions are equally important. [72] The special arrangement inside the cells provides an emergent property to the biomolecules. The fluorescent-tagged antibody specific to proteins has been the major tool for localization studies. [73] Recently, the integration of mass spectrometry with imaging has given rise to a new field of mass spectrometry imaging (MSI). [74, 75] Utilizing MSI, various types of biomolecules, including proteins and lipids, can be mapped over the surface being visualized under the microscope. Till now, major advancements have been in the profiling-based approach with a combination of microscopy and matrixassociated laser desorption and ionization (MALDI) or secondary ionization mass spectrometry (SIMS). [74, 76] An integration of microscopy and MRM is a promising combination for the measurement of a specific set of proteins on the histopathological tissue of a diseased condition.
MSI is particularly useful for the localization/quantitation of certain proteins, wherein immunostaining-based methods have not been successful due to the unavailability of immunohistochemical-grade antibodies. With the growing field of immunotherapeutics in cancer biology, the study of immune cell infiltrations in solid tumors has gained attention. There is an interest in the localization information of different nonmalignant cell types to decipher the components of the specialized niche provided to the malignant cells. [77] MRM assays can be designed for various cell markers that can unravel the composition of the microenvironment with the information regarding their localization. Similar efforts have been made by using mass cytometry (CyTOF) using antibody-based recognition of different cell types and their identification by MS, but this technique lacks localization information. [78] Hence, targetedproteomics-based identification of cell types and proteins present in the tissue section can enlighten the clinical research area, thus overcoming many limitations of histopathology.
There are limitations to this approach, as the sample retrieved from a particular location of the tissue section is scarce. However, with advancements in laser dissection microscopy, we hope that MSI involving targeted proteomics of specific regions will definitely have the potential to accelerate the pace of research in this area.
Targeted Proteomics: What Does it Bring to Patients at Bedside?
In clinics, day-to-day diagnosis of various diseases includes biochemical tests, protein quantification, microscopic observations, and genomic analysis. Unfortunately, there are very few Food-and-Drug-Administration-approved MS-based tests used in clinics. For targeted proteomics to become an integrated part of daily diagnostics and decision-making in clinics, comprehensive information has to be generated in preclinical studies. Guidelines are now available for the robust development and preclinical establishment of targeted proteomics assays. The translational transfer of the developed assays is subjected to stringent criteria by regulatory authorities, which has provided a framework for researchers to work. [24, 79, 80] Targeted assays for future clinical use mainly consist of biomarkers in body fluids or tissue samples and therapeutic targets. Many candidate body fluid biomarkers for clinical diagnosis, prognosis, and therapeutic monitoring have been established by performing discovery-based experiments. [81] [82] [83] Paradoxically, the number of approved clinical markers falls short of the efforts made to identify them. The caveat occurs at the stage of validation of these biomarkers in larger cohorts. [84] The important step of quantitative validation of biomarkers requires the establishment of targeted proteomics assays, as they can transform the speed and cost of implementation in clinical settings. [79] In fact, MRM assays for known biomarkers, as well as for proteins known to be associated with diseased conditions, have been developed recently, but they are yet to be transferred to clinics. [85] [86] [87] [88] A recent review discussed using the targeted proteomics approach for the measurement of circulating insulin growth factor-1 (IGF1) for routine performance in clinical settings. [89] Similarly, the development of MRM assays in the field of cancer clinical management, pathogen diagnosis, and widespread chronic diseases such as diabetes would help to bring targeted proteomics in practice in the near future. [38, 90] Formalin-fixed, paraffin-embedded (FFPE) tissue samples are routinely used for diagnostic and classification purposes using traditional antibody-based staining. Recent reports have demonstrated the use of targeted proteomics to measure markers associated with aggressive cancers using FFPE. [91] When this method becomes mainstream, a vast amount of stored FFPE samples in clinics can be used. [92] Similarly, quantitative measurement of drug-metabolizing enzymes and transporters using targeted proteomics can provide insights and monitoring of the longitudinal therapeutic response of patients. [93] [94] [95] With the potential to replace many other diagnostic methods, targeted proteomics could be an all-in-one "combo" technique for future clinical diagnoses. Targeted proteomics would bring with it multiplexing, which reduces the required sample quantity. The multiplexing capability of targeted proteomics is www.advancedsciencenews.com www.bioessays-journal.com well suited for clinics, where availability of samples is limited by its amount. [96] It might help to solve some problems with the cold chain (freezing temperature is a must for tertiary protein structure), as a stable peptide can be chosen for developing the assay, making it easier for sample transportation. In addition, assays can be developed for target antigens for which tests are not available at present because of technical issues.
For targeted assays to reach the bedside, in addition to regulatory criteria required at the experimental and preclinical levels, a parallel development of exhaustive infrastructure is required. The Clinical Proteomics Tumor Analysis Consortium (CPTAC), the initiative established by the National Cancer Institute (NCI), is one such example of large-scale clinical proteomics data management towards the association of disease characteristics with proteomics. [97] For generation and utilization of similar data at extended clinical levels, this infrastructure should progress in two areas: instrumentation (hardware) and data analysis (software). The instruments currently used for targeted proteomics are for dedicated research laboratories and must be handled by experts in MS, so their widespread implementation requires additional efforts to make them more user friendly and cost effective. For data analysis, cloud-based knowledge storage and computation can create architecture that can make targeted proteomics assays readily accessible and easy to interpret at clinics. [98] This strategy has the potential to be extended as a service for providing remote data analysis. This information, in a confidential and secure way, can be passed on to the pathological labs associated with hospitals in the field to provide the requisite and well-formatted information to the medical practitioner for decision-making. [99] Thus, targeted proteomic assays can be brought to the bedside as a powerful tool for disease diagnosis, prognosis, patient follow-up, and disease screening.
Limitations of Targeted Proteomics
The translation of targeted proteomics in regular practice at benchside and bedside, although promising, faces daunting challenges. The major roadblock is the expertise available for maintenance and operation of mass spectrometers in hospitals and research settings. While many training options are available, they are opted for by those who are in the process of doing proteomics experiments. More education is needed about its advantages over other techniques so that the instrumentation becomes more available and more people can be trained. Additionally, making the instrumentation more user friendly is another area that can accelerate this process. www.advancedsciencenews.com www.bioessays-journal.com
In terms of analytical issues, targeted proteomics also faces certain barriers. In many cases, sample enrichment is essential to determine the quantity of the target protein. When it comes to clinical use, enrichment is not always possible due to limitations such as sample quantity. In such cases, usage of targeted proteomics becomes difficult. Another important challenge in adopting targeted proteomics for routine use is the analysis and interpretation of the targeted proteomics data. Here, again, expertise is limited and additionally rigorous training is required to handle such data. The development of bioinformatics tools to overcome these limitations is needed and they should also be freely accessible. Efforts from experts in the field are appreciable, who have provided free access to applications such as Skyline along with access to instructional videos and a support board (http://proteome.gs.washington.edu/software/skyline). Overall, technical development is going in the right direction and has great potential, but more efforts are needed to make it a mainstream process.
Conclusions
Recent advances in the field of targeted proteomics have made it a feasible technique and have changed the perspective of researchers regarding its use in laboratories all over the world. With repositories being actively developed and analysis made accessible in terms of software, the transition from research on the development of the assay and technique to its daily usage to answer day-to-day research questions is foreseeable. There are many emerging fields where incorporation of targeted proteomics could make a huge difference in their progress. For example, studying specific proteoforms, peptides that are not annotated to proteins, and localization of proteins on tissue sections for which compatible antibodies are unavailable have always been challenging. With targeted proteomics integration in the experimental design to solve such questions, it becomes more of an analytical challenge than a technical issue. With ongoing improvements in the targeted proteomics, these analytical challenges could soon be handled. This would be possible with the contribution of researchers and companies to make the techniques and data analysis more reproducible and user friendly on various platforms. This gives us hope for the introduction of targeted proteomics to the benchside in the near future ( Figure 2) .
In terms of clinical use, a full consideration of guidelines and training at various levels is required. The benefits of using targeted proteomics at the bedside are clear. This method has the potential to bring translational research into action and to make personalized medicine a reality. Efforts are required to build the infrastructure at clinics in terms of instrumentation, expertise, and data analysis. The reciprocal, smooth, and real-time transfer of data to experts for data analysis over the cloud and the return of this information to clinicians will overcome the biggest hindrance for generalized use in clinics (Figure 2) .
Overall, the targeted proteomics approach is gaining momentum to be an integral part of basic research and clinics. For this to happen in an acceptable timeline, the method needs to be more accessible and easier to use. [100] Automation at various steps, such as sample processing, instrument handling, and data analysis, is crucial for achieving this task. Assay development and reagent availability for well-known signaling pathway proteins and biomarkers already in use will provide the impetus to progress as a proof of principle for the advantages of this technique. Once targeted proteomics becomes mainstream, a metamorphosis of protein quantification should occur.
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